I. INTRODUCTION Nowadays, global take-up of mobile terminals and personal computers in daily human way of life involves the development of more and more reliable electronic circuitry. Substantially, one of most expanded outstanding technological consequences is the introduction of several applications and functionalities in communicating cellular as the case of IEEE 802 (WLAN/WiFi, WiMAX/WiBRO).
Nevertheless this spectacular progress is accompanied by certain technical issues as the saturation of usable channel spectrum which happens currently with certain European operators [1] . magnitude and phase of the communication parameters. However, with the increase of data rate, it was found that relevant values of signal delay or group delay seem also necessary for example, to insure the signal synchronization in RF/digital links like GPS and WiMAX system [14] . Most importantly, problems caused by signal distortion related to the group delay flatness default were also met in particular, for the impulse radio system [15] . Meanwhile, well-synchronized signals are required to maintain the system coherences. In order to enhance this signal synchronization in the digital, RF/microwave and millimeter-wave equipments, various transmission data group delay enhancement techniques based on the application of negative group delay (NGD) concept in baseband and microwave bands were proposed [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . For that, different types of electronic circuit topologies mostly, inspired from the metamaterials, were deployed to realize the NGD function. We underline that one of simplest microwave active topologies susceptible to exhibit this NGD function combined with the possibility of loss compensation is developed in [28] [29] [30] [31] . In addition to the flexibility and the easy way of synthesis process, this justifies our choice to use this topology to generate the dual-band NGD circuit.
Over the last century, the existence of the NGD phenomenon was verified and confirmed several times theoretically and experimentally by physicists and electronic researchers [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . At the beginning, it was observed that the group delay can be negative in the electromagnetic (EM) medium exhibiting a negative refractive index [32] [33] [34] [35] [36] . Thanks to the analogy between the medium transfer function and the electronic model, this phenomenon was also proved with simple electronic circuits [28] [29] [30] [31] [38] [39] . We point out that it was stated that this NGD phenomenon does not inhibit the signal causality [40] [41] .
For the better understanding, this paper is organized as follows. Section II is focused on the NGD circuit topology employed theory. Furthermore, a basic procedure explaining how to obtain the dualband NGD is explained. Then, simulation results run with ADS microwave and electronic circuit simulator is proposed and discussed in Section III. Finally, the conclusion of the paper is drawn in the last section.
II. THEORY OF NGD ACTIVE CIRCUIT IN USE
The topologies of NGD cells proposed are depicted in Figs. 1(a) and 1(b). We can see that the active cell is comprised of an RLC-network in cascade with a transistor [28] [29] . As aforementioned, this topology was chosen because of its design simplicity, its possibility to generate simultaneously amplification and NGD effect at cm-/mm-wavelengths and its flexibility to satisfy the microwave active circuit criteria (gain, matching access, stability…).
Our theoretical approach for elaborating this NGD circuit is based on the exploitation of the scattering-or S-parameters which is represented by S-matrix. We recall that according to the microwave theory, the S-matrix is a mathematical concept that quantifies how RF or microwave energies propagate through a multi-port network. This matrix is what allows us to describe the properties of electrical/electronic networks as simple black boxes. For a typically microwave signal incident on one port, some fraction of the signal bounces back out of that port, some of it scatters and exits other ports (perhaps amplified), and some of it disappears as heat or even electromagnetic radiation. The S-matrix for an n-port contains n 2 coefficients (S-parameters), each one representing a possible input-output path.
A. Calculation the NGD circuit under study transfer function
For the sake of analytical simplification, the field effect transistor (FET) equivalent model examined in this paper is formed by the voltage controlled current source with transconductance g m , and the drain-source resistor R ds as depicted in Fig. 2 . As presented in Fig. 1 , the NGD active circuit under study consists of an FET which can be assumed as an active four-port network, cascaded with a passive network. We can demonstrate that these fourport networks are mathematically modeled by transfer matrices denoted M FET and M RLC which are respectively, defined as:
where 1 − = j and ω is the angular frequency. The resonance is equal to:
According to the circuit and system theory, the total transfer matrix of the NGD cell shown in Fig. 1 is given by the matrix product:
Because of the high impedance at the input of the FET model and its non-reciprocity, the input return loss S 11 is equal to unity and the isolation loss S 12 is equal to zero. The insertion gain S 21 and the output return loss S 22 can be determined from the transfer matrix to S-matrix transform. Subsequently, when taking
and the output reflection
of our active cell are written as:
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with Z 0 = 50 Ω is the reference impedance. By definition, we can deduce from expression (5) the transmission phase given by:
We recall that the group delay is expressed as:
By taking the variable
we demonstrate that the detailed formula of the active cell (shown in Fig. 1 ) group delay is written as follows: 
We can verify that when 0 ω ω = , the transmission-and output reflection-parameters expressed respectively in (5) and (6) become: 
and the group delay is transformed as:
We point out that this group delay is always negative at the resonance whatever the parameters of the RLC-network constituting the NGD cell proposed.
B. Condition on the multi-band NGD circuit synthesis
We establish that the frequency bandwidth where the group delay remains negative is given by:
with 2 2 0 0 0
It is interesting to note that, when the group delay absolute value at the resonance f = f 0 increases, the NGD-bandwidth ∆f expressed in equation (14) decreases. Similarly to the filter function, we demonstrate that f 0 and ∆f are linked by the equation:
As illustrated in Fig. 3 , by supposing the resonance frequencies, f k and f k+1 , and the corresponding NGD bandwidths, ∆f k and ∆f k+1 respectively, one can realize a dual-band NGD behavior under the condition written in (18) . 
As established in [29] , from the desired insertion gain value S 21 = |S 21 | and group delay value τ, at the resonance frequency f 0 , the NGD active cell parameters can be determined via the following expressions:
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In certain cases, circuits composed of passive-and active-NGD cells in cascade are used for achieving of more pronounced NGD value in wider bandwidth. In this case, the parameters of each implemented passive cell can be synthesized through the formulas:
In the next section, these NGD synthesis formulations will be utilized for the design of a dual-band NGD microwave device.
III. DESIGN AND S-PARAMETER ANALYSIS OF AN EXAMPLE OF DUAL-BAND NGD MICROWAVE
ACTIVE CIRCUIT To demonstrate the feasibility of the dual-band NGD concept proposed, one chooses initially the NGD frequency bands centered at the ideal values 1 GHz and 2 GHz. These frequency values were intentionally chosen for targeting the RF/microwave L-band applications.
A. Description of the NGD devices considered
The RF-part of the NGD circuit under consideration is presented in Fig. 4 . After the application of synthesis relations proposed in previous section followed by an eventual optimization, the values of Fig. 4 : RF-part of the considered dual-band NGD microwave circuit.
At noted that during the simulations, the FETs F 1,2 were replaced by the complete EC2612-model 
B. Frequency results
We emphasize that during the simulations the passive components R, L and C are modeled by realistic Surface Mount Components available in ADS library. After EM/circuit co-simulation, one gets the results displayed in Fig. 6 . So, we can see in Fig. 6(a) that it presents two frequency bands of NGD. The first NGD frequency band delimited from 0.81 GHz to 1.21 GHz (NGD-bandwidth 400 MHz) presents a group delay minimal value, τ 1 = -1.16 ns at the resonance frequency of about f 1 = 1.05 GHz. While, the second NGD frequency band which is defined from 1.72 GHz to 2.37 GHz (NGD-bandwidth 605 MHz) reveals a group delay minimal value equal to τ 2 = -0.92 ns at f 2 = 2.05
GHz. It is noticed that the positive group delay of the first stage can affect the NGD of the second stage, but with the RLC-networks chosen, the circuit under study was optimized in order to attain the desired NGD value. Moreover, in the operating frequency bands chosen, the positive group delay is widely lower than the absolute value of the NGDs. As illustrated by the stability factor µ(S) given in relation (24) below and plotted in Fig. 7 , the circuit under investigation is unconditionally stable from 0.5 GHz to 2.5 GHz. 
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Frequency (GHz) The input and output return losses S 11 and S 22 displayed in Fig. 6 (a) confirm this stability and the matching levels at the accesses of NGD device. We point out that the non-linearity of this active device depends on the FET-EC2612 specifications. The harmonic balance analysis allows to affirm that the device has P 1dB of about 20 dBm.
C. Time-domain results
In order to get a good insight about the dual-band NGD functionality, time-domain analyses were also performed. For that, Gaussian signals with different standard deviations modulating microwave sine carriers, f 1 and f 2 were considered. First, regarding a Gaussian pulse input with standard deviation ns 1.3 1 = ∆T modulating f 1 -carrier, an output Gaussian pulse with maximal peak in advance of about 0.56 ns (or 43 % of 1 T ∆ ) is observed as plotted in Fig. 8(a) . by considering an input pulse with spectrum out of NGD bands (modulated at f PGD = 1.5 GHz).
These results allow to explain that this NGD effect can be useful to the signal delay compensation in microwave frequency bands. It is noteworthy that these results are accompanied also by a timedependent pulse width compression as reported in [43] . But this effect does not occur for the PGD frequency band as depicted in Fig. 9 .
IV. CONCLUSION
An application of a microwave active device capable for generating a dual-band NGD and signal amplification is investigated. It is based on the use of NGD active cells comprised of shunt series RLC-networks in cascade with a transistor [28] [29] [30] . A synthesis methodology of the dual-band NGD device is described.
To verify the proposed concept feasibility, S-parameter analysis of two-stage NGD hybrid device is made with a standard microwave/electronic circuit simulator. As result, a dual-band NGD effect having minimal value of about -1 ns was realized in the frequency bands centered at 1.05 GHz and 2.05 GHz. In order to highlight the dual-NGD device principle in more concrete aspect, time-domain investigations were also performed. For that the implemented device was excited by Gaussian pulses having standard deviation of about 1 ns modulating sine carriers set at the peaks of the NGD frequency bands. As expected, pulse signals with output envelopes presenting a time-advance were confirmed. However, it was demonstrated also that in the PGD frequency band, the output is absolutely delayed compared to the input signal.
The transient results of dual-or multi-band NGD devices can be used for compensating signal delays in multi-channel propagation media. Their field of applications concerns the RF/microwavesignal delay compensation as introduced in [24] [25] [26] [27] , the correction of data synchronization in certain RF/digital systems and the enhancement of multi-channel like MIMO modular in terms of symbolinterleave cancellation.
